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(Al, Ga)11O19) with Al/Ga=9/3, 6/6 and 3/9 ratios. 
Introduction
Nitrogen oxides (NOx) produced by a combustion system at high temperatures and under lean conditions, which are the most effective conditions for the improvement of energy efficiency, damage the environment by causing acid rain, the greenhouse effect and air pollution. Selective catalytic reduction (SCR) of NOx with hydrocarbons has received much attention, because of the ability of NOx reduction to N2 even in the presence of excess oxygen.1),2) Alumina-support ed metal catalysts were found to have higher heat resistance but lower catalytic activity for NOx reduction than zeolite catalysts in the presence of water vapor at high temperatures.3),4) Various metal ions, such as Cu and Co, supported on alumina carriers improve the activity at lower temperatures.5)-7) Co/Al2O3 catalyst has been studied extensively because of its attractive high removal activity of NO x and the structural dependence of the catalytic reactivity in the presence of excess oxygen.8),9) Co-substituted alumina such as CoAl2O4 improves NOx reduction by accelerating NO activation. However, aggregated Co3O4 species promote the oxidation of reluctant gas preferentially, resulting in the degradation of NOx removal activity by decreasing the amount of the active sites for NO activation. In this study, the synthesis and catalytic properties of barium hexaaluminogallates incorporated with cobalt ions (BaCo(Al, Ga)11O19) were investigated. BaCo (Al, Ga)11O19 powders with three kinds of Al/Ga ratios were synthesized from the precursor powders prepared by the coprecipitation method. The direct NOx reduction and SCR of NOx with propylene in the presence off excess oxygen were evaluated for Ba (Al, Ga)12O19 and BaCo (Al, Ga)11O19 powders. 16/84 for Ba (Al, Ga)12O19 powders of Al/Ga=9/3, 6/6 and 3/9, respectively. The 4-coordinated Al decreased in amount from the Al/Ga ratio of 9/3 to 6/6, and remained at a constant value from 6/6 to 3/9. 3.2 NOx removal ability of BaCo(Al, Ga)11O19 Barium hexaaluminogallate powders were applied for the decomposition of NOx and the selective reduction of NOx with C3H6. Since gas chromatography showed that there was no detectable amount of N2O, the reduction of NOx was regarded as the conversion of NO, to N2. Figure 6 shows selective NO, reduction with C3H6 for Ba (Al, Ga)12O19 powders. The NO, removal abilities of hexa aluminogallates were improved markedly, and their highest values were observed at 550°C for every Ba (Al, Ga)12O19, As Ga concentration increased, the highest value of NOx reduction to N2 dropped from 30% to 15%. Selective NOx reduction with C3H6 was further improved by cobalt addi tion, as shown in Fig. 7 Recently, the dispersibility of cobalt species has been reported to influence the NO removal abilities with hydrocarbons in Co/Al2O3 catalysts.8),9) Co-substituted alu minum oxide such as CoAl2O4 promotes the NO activation and improves NOx removal abilities of the catalyst. On the other hand, aggregated cobalt species such as Co3O4 highly promote hydrocarbon combustion but depress the NO acti vation reaction, resulting in a significant degradation of the NOx removal activities.
In this study, the Co addition accelerated the crystalliza tion of hexaaluminogallate phases (Fig. 1) , and improved the NOx removal activities with C3H6 compared to hexa aluminogallate without cobalt (Figs. 6 and 7) . These results were consistent with those for the lattice-incorporated Co ions in barium hexaaluminogallate, although synthesis of BaCoA111O19 single phase is quite difficult because of the larger ionic radius of Co2+ (0.08nm) than that of Al3+ (0.05nm). 15) The change of 27Al NMR with the Al/Ga ratio suggests the site of Ga ions in Ba (Al, Ga)12O19. At an Al/Ga ratio of 9/3, Ga3+ ions are preferentially incorporated into the 4-coordinated site of Ba (Al, Ga)12O19. As Ga increased in amount from 9/3 to 6/6, 4-coordinated Al decreased in amount, since Ga ions preferentially occupy the 4-coordinat ed sites. After the 4-coordinated sites were occupied by Ga3+ and Al3+ ions, Ga3+ began to occupy the 6-coodinated sites with an increasing Ga ratio from Al/Ga=6/6 to 3/9. The result of 27A1 NMR suggests the preferential occupancy of Ga ion at 4-coordinated sites. Aka et al. and Kahn-Harai et al. reported that the substitution of Ga3+ (ionic radius: 0.06 nm) for tetrahedral Al3 sites in the hexaaluminate framework modified the spinel block thickness and the mirror plane thickness (the distance between spinet blocks).10),11) These modifications of lattice parameters were, therefore, considered to facilitate the substitution of Co ions for Al or Ga ions in the hexaaluminogallate frame work. The charge compensation in the substitution of Al3+ for Co2+ accelerates the incorporation of Bat and O2-into the mirror plane. Ba2+ ion is one of the key cations of the nucleation of hexaaluminogallate phases, and promotes the formation of Ba (Al, Ga) 12O19 crystals.17) The reaction of NO-C3H6-O2 over Al2O3 highly dispersed with cobalt was reported to proceed via the following mechanism.8),9) C3H6+O2•¨CO2+H2O (4) At the first step of NOx reduction, NO is oxidized (activat ed) to NO3* on the active sites (mainly Co sites). A part of activated NO3* reacted with C3H6 is reduced to N2 (Reac tion (2)) , while unreduced NO3* species desorb as NO2 or N2O from the active sites (Reaction (3) ). In the case of the direct NOx reduction without reluctant gas, in contrast, the activated NO3* is directly decomposed to N2 and O2. Although N2 desorbs from the active sites easily, the bonds between O ions and active sites are especially strong. There fore, the reaction of NO activation (oxidation) tends to decrease with time, because of the decrease in the number of active sites on the catalyst surface.
The result shown in Fig. 8 indicates that the presence of oxygen is necessary for NOx reduction with C3H6 and im proves the NOx removal activities by accelerating NO oxida tion (activation) to NO3* species (Reaction (1)). In addi tion, GC analyses revealed that reacted gas mixtures includ ed NO/NO2, CO2, H2O, N2 and O2 without N2O. NOx reduc tion with C3H6 over hexaaluminogallate powders was, there fore, found to proceed with the same mechanisms as Co/ Al2O3 catalysts.
It is revealed in Figs. 4 and 5 that all hexaaluminogallates had direct NOx removal activities of less than 10%, because of the large storage capacity for oxygen of hexaaluminogal late surfaces. The active sites are considered to decrease in amount with time on the hexaaluminogallate surface. In other words, the decomposition process of activated NO3* adsorbed on the active sites was the rate-determining step in the direct NOx reduction over hexaaluminogallate catalysts with and without Co ions. The incorporation of Co ions into Al or Ga sites in the hexaaluminogallate structure improved the NOx removal ac tivities at each Al/Ga ratio. This is because the substituted
